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Resumo 
A população mundial deverá aumentar entre 40-50 % nos próximos 50 anos. 
Consequentemente, o aumento da demanda de água irá agravar a sua escassez [1]. A 
desinfecção de água potável é obtida usando desinfectantes químicos, tal como o cloro, 
dióxido de cloro ou ozono [2]. Estes populares métodos aplicam produtos químicos 
agressivos que, no entanto, têm um curto período de actividade [3]. Dado o risco das 
infecções poderem ser transmitidas através da água potável contaminada, é prioritário o 
desenvolvimento de novos sistemas de desinfecção. A fotocatálise com TiO2 é um 
promissor tratamento de desinfecção devido à actividade bactericida deste composto 
[1]. Na presença de UV-A e oxigénio, o TiO2 produz radicais livres altamente reativos, 
como o hidróxilo e o superóxido,OH• e O2
•-, respectivamente. 
O uso de nanopartículas em tecnologias de tratamento de água tem vindo a aumentar 
nos últimos anos. Entre 2008 e 2015, o volume de negócios para este tipo de aplicações 
deverá aumentar $ 2.9x109, um setor que provavelmente será liderado pelos EUA, 
Alemanha, Japão e China [4]. Para este mesmo período, prevê-se que a produção de 
nanopartículas de dióxido de titânio deverá atingir as 104 toneladas/ano  [5]. 
Neste estudo foi testado um sistema fotocatalítico em contínuo, baseado numa malha 
porosa revestida com uma tinta fotocatalítica incorporando 9 % de TiO2. Dois materiais 
de malha de arame foram testados, um de plástico e outro de aço inoxidável. Os ensaios 
de fotoinativação foram realizados com suspensões de Escherichia coli DSM 1103 
(bactéria Gram-negativa) com uma densidade inicial de 1 x 106 mL-1, com um caudal de 2 
mL•s-1 durante 40 min. 
Perdas de viabilidade de 54,1 % e 39,4 % foram obtidas para o aço inoxidável, 2 x 2 mm2 
e 3 x 3 mm2, respectivamente após 40 min de irradiação. O efeito da área de superfície 
é importante uma vez que determina a quantidade de TiO2 disponível para formar os 
radicais necessários para inactivar as bactérias. Uma perda de viabilidade de 89,4 % foi 
obtida em 80 min de irradiação. Estes resultados indicam uma possível relação linear 
entre tempo de irradiação e de inactivação e uma eficiente combinação do processo e 
do sistema contínuo na fotoinativação de E. coli. Os resultados deste estudo preliminar 
sugerem que esta tecnologia poderá ser melhorada no futuro. 
Palavras Chave: fotocatálise, desinfecção da água 
Feasibility of using a TiO2 containing paint coat to inactivate microorganisms in an aqueous system 
 
Abstract 
The world´s population is expected to increase by 40-50 % within the next 50 years. 
Consequently, the increased water demand exacerbates the scarcity of clean water [1]. 
Drinking water disinfection is achieved by a chemical disinfectant, which is usually a 
powerful oxidizing agent such as chlorine, chlorine dioxide or ozone [2]. These popular 
disinfection methods often use aggressive chemicals and are not able to stay effective 
for long periods of time [3]. Given the risk that infections may be transmitted by 
contaminated drinking water, it is important to develop new disinfection systems. TiO2-
photocatalysis, is a promising water-disinfection treatment because of its bactericidal 
activity [1]. In the presence of UV-A and oxygen, TiO2 produces highly reactive free 
radicals like hydroxyl and superoxide radicals, OH· and O2
·- respectively.  
The use of nanoparticules in water treatment technologies has been increasing in latest 
years. Between 2008 and 2015, the turnover for this type of applications is expected to 
increase 2.9x109 USD, an industry that will probably be led by U.S., Germany, Japan and 
China [4]. For this same period, forecasts indicate that the production of titanium 
dioxide nanoparticles will reach the 104 annual tons [5]. 
A novel continuous photocatalytic system based on a porous mesh coated with a 
photocatalytic paint incorporating 9 wt.% of TiO2 was tested. Two wire mesh materials 
were tested, plastic and stainless steel. Photoinactivation assays were performed with 
cell suspensions of a Gram-negative bacterial strain (Escherichia coli DSM 1103) with an 
initial density of 1 x 106 cells mL-1 under at flow rate of 2 mL·s-1 for 40 min.  
Viability losses of 54.1 % and 39.4 % were obtained for the 2 x 2 mm2 and 3 x 3 mm2 
stainless steel meshes, respectively, after 40 min irradiation. The effect of the surface 
area is important because of the amount of TiO2 available determines the formation of 
hydroxyl and superoxide radicals needed for inactivating bacteria. Viability loss of 89.4 % 
was obtained for 80 min irradiation. This finding also may due to a possibility that there 
is a linear relationship between irradiation time and inactivation. The results indicate an 
efficient combination of procedure and photocatalytic continuous system executing in 
the inactivation of the E.coli bacteria. The results of this study suggest that the 
developed tecnology could be improved on the future. 
Keywords: photocatalysis, water disinfection. 
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1.1  - Background and Scope 
One of the priceless and not replaceable natural resource on earth is the water. 
Presently, water resources contamination is one of the most pressing concerns. In 2002, 
the World Health Organization (WHO) reported than one out of six people, representing 
17% of the global population, lacked access to safe drinking water. More so, water 
contamination has been causing the death of thousands of people every year since it 
enhances the dissemination of diseases [6, 7]. It is also estimated that around 4500 
children die every day due to the same issue. 
In the 20th century alone, the world population more than tripled. Furthermore, it is 
expected to increase by another 40-50 % within the next 50 years. This intensive growth 
raises two relevant issues. First, it will increase the water demand, exacerbating the 
scarcity of clean water and second it will increase the number of deaths related to 
contamination of water resources [1].  
Water contamination can be either of chemical or biological nature, and both pose 
important risks to the public health. On the one hand, chemical contamination has been 
a relevant concern over the course of the last decades. Our awareness of this problem 
has been continuously improved by the development of superior analytical technologies 
and by the increasing numbers of toxicological studies, correlating contamination with 
specific illnesses such as cancer [8]. 
In order to overcome this type of contamination the European Union created a new 
regulation called REACH (Registration, Evaluation, Authorization and Restriction of 
Chemical substances), which strictly regulates the use of chemical substances. This 
regulation protects both the environment and the public health and, at the same time, 
guaranties the competitiveness of the EU chemical industry [9]. 
On the other hand, biological contamination of the water resources is defined by the 
emergence and spreading of pathological microorganisms in water. Presently, this is 
leading to an increased number of new infections each year. According to statistics 
provided by the United States healthcare, every year approximately 2 million new cases 
of infections are reported, causing a total of 100,000 deaths (Fig. 1). In the European 
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Union (EU), 320,000 new cases are reported annually, but the real value is estimated to 
be much higher [10]. Ultimately, this has led to increased expenses for the governments 
and has increased the search for low-cost and highly effective methods to control this 
type of contamination [7, 11-14]. 
Figure 1. Statistical information from the United States healthcare [14] 
In order to contain the negative effects of water contamination some disinfection 
methods were developed in the last decades. The most popular ones include ozone 
exposure, irradiation with UV light, and chlorination. These methods rely on the use of 
powerful chemical oxidising agents such as chlorine, chlorine dioxide or ozone; however, 
they have relatively short periods of activity [2, 3]. Hence this raised the need to 
explore unconventional technologies for water treatment. 
In this context, Advanced Oxidation Processes (AOPs) emerged as a viable and efficient 
alternative. Within the diverse list of processes, photocatalysis mediated by Titanium 
dioxide (TiO2) proved to be an important method for water-disinfection due to its 
bactericidal activity [1, 15, 16]. 
In this study it was developed a novel water-disinfection treatment using a continuous 
photocatalytic system. One remarkable advantage of this system is employing a paint 
coat containing TiO2 immobilized, instead of using hazardous oxidizing agents. This study 
is divided in four different tasks. These tasks seek the improvement of the 
photocatalytic system, discovering the critical variables to attain high efficiency of 
photoinactivation activity. This study started with the assembly and set up of the 
continuous photocatalytic system. The second task focused on evaluating different mesh 
support materials (i.e. inert, irregular area and possible to sterilize) and also the effect 
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of mesh porous size. The third task focused on the incorporation of 9 wt. % of TiO2 in the 
paint effectively. And, finally, the fourth task focused on the evaluation of several 
experimental parameters, such as flow rate and irradiation time in order to discover the 
optimal operating parameters. The results obtained suggest that the continuous 
photocatalytic system developed has potential to disinfect water.  
Principles of Photocatalysis 
Fujishima and Honda (1972) were the firsts to realize the potential of TiO2 as a 
photocatalyst. By using TiO2 photoanode in combination with a platinum counter 
electrode soaked in an electrolyte aqueous solution, they were able to achieve  
ultraviolet light-induced water cleavage [16]. This reaction is based and inspired on the 
natural process of photosynthesis, used by plants, algae, and cyanobacteria to harvest 
and convert light into electrochemical potential [17-19]. In this process, the chlorophyll 
absorbs the photons and losses one electron, which immediately initiates the flow of 
electrons down a transport chain and ultimately leads to the production of energy. 
Similarly, TiO2 absorbs the photons provided by ultraviolent radiation, allowing the 
migration of the electron in the valence band to the conduction band; ultimately, this 
lead to the cleavage of the water molecule. 
The use of nanoparticules in water treatment technologies has been increasing in latest 
years. Between 2008 and 2015, the turnover for this type of applications is expected to 
increase 2.9x109 USD, an industry that will probably be lead by  U.S., Germany, Japan 
and China [4]. For this same period, forecasts indicate that the production of titanium 
dioxide nanoparticles will reach the 104 annual tons [5]. 
In particular, photocatalysis with TiO2 has been applied to a broad range of research 
areas, especially environmental and energy-related fields [19-23]. It is a heterogeneous 
process since it occurs both in liquid (water) and solid phases (photocatalyst 
nanoparticles) and presents the advantage of being easily monitored using simple 
methods such as the decomposition of phenol or methylene blue, etc [11, 15]. 
TiO2 induces a simple photocatalytic reaction when it is impacted by energy photons 
with a wavelength of 386 nm. If this reaction happens in the presence of oxygen it will 
produce highly reactive free radicals like hydroxyl (OH·) and superoxide (O2·
-). 
Afterwards, the reactive radicals carry out the disintegration of organic particles and 
microorganisms contained in the water, without generating toxic by-products [6]. 
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Disinfection with TiO2 has been a widely studied process since the breakthrough work of 
Matsunaga, Tomoda [24]. These authors were able to achieve 99 % inactivation of a 
bacterial cell suspension using a photo-reactor containing TiO2. Nevertheless, the 
mechanism behind the photo-inactivation process is still not fully understood. 
1.2 - Aim and Outline 
General objective:  
1- Design of a novel continuous photocatalytic system based on a porous support 
mesh coated with a photocatalytic paint incorporating 9 wt.% of TiO2 to 
photoinactivate microorganisms in an aqueous system. 
 Specifics objectives: 
1- Design and assemble a continuous photocatalytic system 
2- Evaluate the efficiency of the three-dimensional structure of TiO2  in aqueous 
system 
3- Evaluate different mesh support materials  
4- Evaluate experimental parameters such as irradiation time and flow rate 
Outline: In this dissertation experimental and theoretical aspects of photocatalysis are 
covered. It includes in chapter 1 the introduction, in which the justification and 
background of the study project are presented. In chapter 2 includes the state of art on 
the scientific advances of photocatalysis, the use of TiO2 as photocatalyst in 
photoinactivation of microorganisms. In chapter 3 the technical description of the 
experimental work is given, which includes the purpose of the novel continuous 
photocatalytic system, the photocatalytic paint coating and the photoinactivation 
assays. 
Chapter 4, includes the main results obtained. In the end, the conclusions of the work 
are presented, as well as future scopes and final assessment of the work. 
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1.3 - Contributions 
Innovative ideas: 1- Use of TiO2 immobilized in three-dimensional position. 
  
Figure 2. Schematic illustration of structural dimensionality of materials with expected 
properties [25]. 
Photocatalytic activity has been evaluated using different structures such as spheres, 
fibers, tubes and sheets (Fig 2). Yet, none of these structures achieved high efficiency in 
aqueous medium. This study innovates by employing a three dimensional structure 
supported in a paint coat. Meanwhile, it also aims to overcome three important aspects. 
Firstly, maximize the absorption of light. Secondly, maximize the interfacial area with 
the bacteria. Thirdly, allow the liquid phase to have more contact with the free radicals 
produced.  
2- A novel continuous photocatalytic system was developed to photoinactivate 
microorganisms in an closed aqueous system. 
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2- State of Art 
2.1 Photocatalysis 
A chemical reaction mediated by a solid material in the presence of light is by definition 
a photocatalytic process. In reactions of this nature the photocatalyst remains 
unchanged throughout the entire process and only play an indirect role in this process 
[15].  
Firstly the catalyst absorbs photons and if these photons have a sufficient amount of 
energy they will excite electrons of the valence band. In this case electrons will jump 
the “band gap” and migrate to the conduction band [20, 28]. Hereupon the migration of 
the photon leaves a hole in the valence band:  
photocatalyst + hν  → ecb
-
 + hvb+                                          (2.1) 
The photocatalytic process occurs on the surface of the catalyst and, therefore, its 
efficiency is highly influenced by the intensity of the radiation, spectrum of the light 
source, concentration of both photocatalyst and pollutant and temperature [26].  
Photocatalysis can be either homogeneous or heterogeneous, depending if the catalyst is 
or is not in the same phase. Heterogeneous processes occur under two situations, when 
the catalyst particles are suspended in contaminated water and when the catalyst is 
immobilized on the surface of various inert substrates [4]. 
Some advantages of the hetereogeneous photocatalysis, as efficient oxidizer of organic 
compounds, are: (1) The possibility of being activated by solar radiation could result in 
low energy costs; (2) It may not need post-treatment since the organic pollutants may 
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2.2 Photocatalysis mechanism 
As shown in figure 2, the photocatalytic reaction begins as soon as the irradiation (hv) 
reaches the catalyst. 
  
Figure 3. Energy band diagram illustrating the formation of photogenerated charge 
carriers (hole [h+] and electron [e-]) upon absorption of ultraviolet (UV) light producing 
the free radicals (superoxide and hidroxyl) participating in the photoinactivation of 
E.coli on TiO2 surface. Modified from [26].  
The photogenerated holes in the valence band diffuse to the TiO2 surface and react with 
adsorbed water molecules, forming hydroxyl radical (OH·) and hydrogen ion (H+) [11, 25, 
27] (Fig. 4),as shown in the equation 2.2: 
  hvb
+ + H2Oads → OH
·
ads  + H
+                                                                   (2.2) 
Both the photogenerated holes and the hydroxyl radicals participate in the oxidation of 
the nearby organic molecules. Meanwhile, electrons in the conduction band typically 
participate in reduction processes. This process comprises the reaction with the 
molecular oxygen in air and leads to the production of superoxide radical (O2·
-) [25, 27] 
(Fig 4), as shown in the equation 2.3: 
UV irradiation 
λ < 386 nm 
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    ecb
- 
+ O2ads → O2·
-                                                                                   (2.3) 
The free radicals, hydroxyl radical (OH·) and superoxide anion radical (O2·
-) have been 
proposed hypothetically since the early stage of research on photocatalysis involving 
TiO2 as photocatalyst. Such active free radicals may have a relatively short lifetime due 
to their natural stability, and therefore in situ detection is not easy [15].  
2.3 TiO2 as a photocatalyst 
Titanium dioxide can exist in three distinct crystallographic forms: anatase, brookite, 
and rutile. Brookite is a naturally occuring phase, and is extremely difficult to 
synthesize. Anatase and rutile also occur naturally, but can be synthesized easily in the 
laboratory [28]. Anatase and rutile are the most popular catalysts used (Fig. 3), the 
crystallographic structures are shown in Fig 4. These photocatalysts absorbs light to 
achieve a higher energy state [15]. Anatase is able to absorb only ultraviolet light, at a 
wavelength shorter than ca. 386 nm (corresponding to 3.2 eV). Many authors can 
increase this absortion into visible light, usually doping a metal or nonmetal atom to the 
TiO2, to facilitate the application of this photocatalyst using indoor light.  
 
Figure 4. Structure of rutile and anatase TiO2. Modified from[29] 
TiO2 photocatalyst has been the most widely studied and used in many applications 
because of its strong oxidizing abilities, for the decomposition of organic pollutants, 
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superhydrophilicity, chemical stability, long durability, nontoxicity, low cost, and 
transparency to visible light [16, 18, 25, 30-33]  
The most recognized producers of TiO2 are Evonik (Degussa), Millenium Inorganic 
Chemicals, Kronos, Sachtleben, Tayca and Kemira [34, 35].  
2.3.1 Titanium Dioxide Modifications 
Nowadays, the extension of TiO2 applicability as photocatalyst is being investigated. To 
achieve this goal many studies are making efforts to get an increased absorption 
spectrum from UV into the visible light. For this reason, three different stages are 
presented to classified the modifications generations that TiO2 has experienced [30].  
First Generation: Pure TiO2 
When the TiO2 particles decrease, the amount of atoms located at the surface increases, 
enhancing the photocatalytic activity. The band gap energy exclusively increases when 
nanoparticle size decrease, (this phenomena occurs below certain nanoparticle 
diameter: quantum confinement), enhancing the redox potential of the valence band 
holes and the conduction band electrons, carrying out photoredox reactions. One 
inconvenience of TiO2 nanoparticles is that they are able to use a small percentage of 
sunlight for photocatalysis. Even that the majority of the solar irradiation reaching the 
Earth’s surface is visible light (VL) and only 4 % is UV. In experimental level, exists an 
optimal size for specific photocatalytic reaction [29].  
There were previous studies investigating the photocatalytic activity of TiO2 
nanoparticles in different reactions, e.g, hydrogenation reactions of CH3CCH with H2O, 
the decomposition of chloroform, the decomposition of 2-propanol and nanotubes 
treated with H2SO4 solutions to degradate acid orange [29].   
Second Generation: Metal-Doped TiO2 
Metal-doped TiO2 are well-known nanomaterials for being used on the degradation of 
several organic pollutants, i.e., under visible light irradiation [36]. 
There were previous studies investigating the photocatalytic activity of metal-doped 
TiO2 in different reactions, e.g., 21 transition metal elements on the oxidation of CHCl3 
and the reduction of CCl4, Sn
4+ ion-doped TiO2 prepared by the plasma-enhanced 
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Chemical Vapor Deposition method for photodegradation of phenol and Fe-doped in the 
treatment of paper-making wastewater and disinfection of E.coli [29].  
Third Generation: Nonmetal-Doped TiO2 
Nonmetal-doped TiO2 are well-used materials for their visible light photocatalytic 
activities. Nonmetal-doped TiO2 demonstrated to improve their photocatalytic activity 
compared with  pure TiO2 nanomaterials [29]. 
There were previous studies investigating the photocatalytic activity of nonmetal-doped 
TiO2 in different reactions, e.g., N-doped TiO2 used for the decomposition of methylene 
blue, S-doped TiO2 tested under both visible and UV region and C-doped TiO2 used for the 
decomposition of methylene blue and isopropanal [29]. 
2.3.2 Titanium Dioxide Applications 
Over the course of the last decades photocatalytic systems have been developed for a 
wide range of applications (Fig. 4). TiO2-photocatalysis is mainly applied in solar and 
photoelectrochemical cells, environmental and energy field. Another relevant 
application is the photobleaching of organic or microbial pollutants both in liquid and 
gas phases [26]. 
 
Figure 5. Applications of TiO2 photocatalysis [25]. 
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2.4 Escherichia coli 
Escherichia coli belongs to the class of Gammaproteobacteria and to the order of the 
Enterobacteriales. They are rod-shape, nonspore-forming, Gram-negative bacteria and 
an inhabitant of the terminal small and large intestine of mammals. To this day E.coli is 
one the best well-studied and characterized microorganisms [37].  
These bacteria are able to replicate outside the intestine. However, they can survive in 
soil and water up to 12 weeks [38]. Its presence in environmental samples is an indicator 
of fecal contamination. Because of that E.coli is an ideal biological indicator and model 
organism for many studies. In this study, strain DSM 1103 [39], was used to assess the 
efficiency of TiO2/UV-A photoinactivation process in a continuous system. 
2.5 Photoinactivation mechanism 
The biocide effect produced by TiO2 when combined with UV-A irradiation in a rich 
oxygen atmosphere has been attributed to the generation of very active free radical 
species, also referred to as reactive oxygen species (ROS), on the catalyst surface [19, 
24, 40, 41]. The main ROS involved in this process are the hydroxyl (OH•) and superoxide 
radicals (O2
•-), previously shown in equations 2.2 and 2.3. 
Various studies on models of microbial destruction through photoinactivation suggest 
that the initial target of the photocatalytic process is the bacterial cell wall [24, 42-44]. 
After damaging the outer membrane, these free radicals, attack the phospholipids of the 
cytoplasmatic membrane (Fig. 5) through a process designated as lipid peroxidation. 




   Figure 6. Schematic representation of a prokaryotic cell [45]. 
The oxidation of the lipids leads to the formation alcoxil and peroxil radicals [46] and, 
ultimately to the loss of membrane permeability [44, 47]. This loss will promote two 
parallel processes (Fig. 6). On the one hand it will cause the release of ions K+ and 
macromolecules such as proteins and nucleic acids [48], leading to cell disruption. On 
the other hand, it will cause the depletion of coenzyme A through dimerization, with 
consequent inhibition of the respiration process [49]. Both these phenomena cause loss 
of cell viability and, ultimately, lead to cell death, which suggests that 
photoinactivation is an adequate method to eliminate microbial contamination [47]. This 
process proceeds even after the separation of the cells from the TiO2 surface [42]. 
 




Figure 7. Suggested mechanism for cell death throught photoinactivation with TiO2. 
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3- Technical description 
The technical description section its divided in three parts: the design of a novel 
continuous photocatalytic system, the composition of the photocatalytic paint and the 
Escherichia coli photoinactivation procedure.  
3.1 Design of a novel continuous photocatalytic system 
The novel continuous photocatalytic system, shown in figures 5 and 6, is based on a 
porous mesh materials coated with a photocatalytic paint incorporating 9 wt.% (wet 
basis) of TiO2 (Aeroxide version of P25, Evonik Industries, Germany). 
       
 
Figure 8. Experimental continuous photocatalytic system 




Figure 9. Scheme of the continuous photocatalytic system based on a porous grid coated 
with a photocatalytic paint incorporating 9 wt.% of TiO2 to photoinactivate the bacteria 
E. coli DSM 1103 
Two wire mesh materials were tested, plastic and stainless steel. The wire mesh had 
measurements of 6 cm width x 16 cm length equivalent size of the two black-light-blue 
bulbs together. The porous size used were 2 x 2 mm2 and 3 x 3 mm2 for the stainless 
steel mesh, and 2 x 2 mm2 for the plastic mesh. The selection of this dimension was on 
purpose to use the available surface area where the photocatalyst was available. It was 
necessary to employ a mesh support, designated glass tray, where mesh fit inside. Thus, 
the dimensions of the glass tray were similar as the wire mesh 6 cm width x 16 cm 
length, with the only exeption that the wire mesh was cut for 1 or 2 mm less in order to 
fit. A cell suspension, 100 mL with 1x 106 cells·mL-1 of the bacteria E. coli, was 
homogenized by agitation of 600 rpm (Falc F 30, Italy) inside a glass flask, in order to 
avoid the presence of biofilms and also to guaranteed a constant cell concentration in 
the glass flask, specially when the samples were taken.  
The recirculation of the cell suspension was done using a peristaltic pump (Watson 
Marlow 323, United Kingdom) with a flow rate of 2 mL·s-1. This flow rate was established 
in order to guarantee the highest posibility contact between the pollutant (bacteria) and 
the photocatalytic mesh coated to enter in contact with the bacteria contained in the 
water. Additionally, two different flow rates, 1 and 4 mL·s-1 were used to determined 
the relationship between the flow rate, residence time and photoinactivation. The 
number of cycles of the contaminated water using different flow rates were calculated, 
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they are shown in appendix 5. The residence time was also calculated to represent the 
small difference between the values from the flow rates, not even 1 order. For this case 
of study, close and continuous system is more representative to investigate and justify in 
cycles terms, see appendix 6.   
A feed system was made with stainless steel material, 9 cm length x 4 mm internal 
diameter and 6 uniforms holes located one milimeter of distance in between each one 
(the design in solidworks® is shown in appendix 1), connected with a silicone pipeline  
with 4 mm external diameter x 1 m length, containing 6 uniforms holes, each hole is 
located one milimeter of distance in between. 
The uniformity of the holes was designed to guarantee an homogenized initial out flow. 
It is important to mention that the feed system and the glass tray were interconnected 
in a plastic piece. The plastic piece was created to expedite the assembly of both feed 
system and glass tray. A light source is described in the next item 3.1.1, however was 
installed 90° to the glass tray, to promote the highest irradiation impact possible uppon 
the available surface area. 
3.1.1  Light source and apparatus 
The ultraviolet (UV-A) lamp had a high intensity wavelength with emission at 365 nm. It 
contained two 6 W black-light-blue bulbs (VL-206-BLB. Vilbert Lourmat, France). It was 
measured its incident photon flux with a UV radiometer (HD 2102.2, Delta/OHM, Italy) 
and set up at 10 W/m-2 for the photoinactivation assays according to ISO/DIS 27447 
(2009) and at 30 W/m-2 for pre-activation of the coated mesh. 
3.2  Photocatalytic paint 
The photocatalyst used was the Aeroxide version of TiO2 P25 (Evonik Industries, 
Germany), which crystallinity composition is 80:20 anatase:rutile and specific area of 50 
m2 g-1. The paint followed a modification of vinyl matt formulation described elsewhere 
since it did not include thickeners [50]. Briefly, the base paint was aqueous and 
contained inorganic components in powder form, extenders, and organic components 
which are the binder (resin), dispersing agents, the coalescent, additives and the 
polymer extender slurry [51]. No biocides were added, and were replaced by water. 
All the materials were provided by CIN S.A. 
Feasibility of using a TiO2 containing paint coat to inactivate microorganisms in an aqueous system 
17 
 
3.3 Photoinactivation procedure 
The following procedures were under the ISO 27447:2009 known as “Test method for 
antibacterial activity of semiconducting photocatalytic materials” with some 
modifications included. 
3.3.1  Microorganism and culture medium used 
The model microorganism used in the photoinactivation assays in aqueous system was a 
Gram-negative bacterial strain E. coli DSM 1103, as cell suspension. More details of the 
cell suspension are given in 3.3.2 section. 
The culture medium used to grow this bacteria was the Plate Count Agar (PCA, 
LiofilmChem, Italy), which is a growth medium that allows the development of different 
types of heterotrophic organs like bacteria and yeast. The composition is shown in 
appendix 2. Cultures were grown at 30 ºC, overnight (~20 h). 
3.3.2  Preparation of Cell suspension  
After incubation, the biomass grown on PCA plates was carefully observed to confirm the 
purity of the culture, i.e., presence of colonies of identical morphology. In addition, a 
Gram coloration assay was performed to assure that all cells were identical rod-shaped 
and with red colour (coming from the safranin pigment), which is indicative  of the 
presence of Gram-negative bacteria.  
A cell suspension with a initial concentration of 1x108 cells mL-1 was prepared in a test-
tube containing 9 mL of sterile saline solution [0.85 % NaCl (w/v)], using a calibration 
curve of optical density values at 610 nm vrs CFU (colony forming unit) / mL for the 
strain E. coli DSM 1103: 
CFU/ mL = 1x109 DO (610 nm)                                                  (3.1) 
Two mililiters of this suspension was mixed with 18 mL of sterile saline solution (10 x 
dilution). Then, 10 mL from the new suspension was mixed with 90 mL of sterile saline 
solution (10 x dilution) contained in the glass recipient, 1x106 cells·mL-1 as 
recommended. This procedure follows the ISO 27447. 
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3.3.3  Preparation of the painted meshes 
The plastic and stainless steel mesh materials were painted using a paintbrush and 
exposed to environmental conditions for approximately 24 h to dry. After, they were 
sterilized in an autoclave for 30 min at 121°C. Finally the pre – activation  of the 
photocatalytic paint coat was performed by exposure to 30 W·m-2 UV-lighthing 
irradiation, as shown in shown in figure 7. 
 
Figure 10. Pre – activation procedure before and during the process. 
3.3.4  Photoinactivation Assay 
A modification of ISO 27447 [52] was used to assess the E.coli photoinactivation using 
the novel continuous photocatalytic system designed.  
A set of assays were performed to compare the photoinactivation accomplished with P25 
immobilized in a three-dimensional structure, within photocatalytic paint. Once the 
final cell suspension was prepared, it recirculated in the entire system and within the 
glass flask was homogenizing for approximately 30 min, both were set up 
simultaneously, as stabilization process. Once the stabilization ensured that the system 
was working suitably, the photoinactivation assay started to carry out. 
At the initial (t0) and final instant (tf), 1 ml sample collected from the glass flask was 
transfered into a test tube containing 9 mL of sterile saline solution. The resulting cell 
suspension was serially diluted in sterile saline solution, and aliquots of 100 µL were 
spread on PCA, as described in Koch [53]. 




Figure 11. Scheme of the seriall dilution and spread method 
After incubation at 30°C for 24 h, the viable cells were enumerated in cultures 
containing 30-300 CFU.  
The percentage of photoinactivation (equivalent to viability loss) and log reduction was 
determined as shown in (equation 2) and (equation 3), respectively: 
      Viability loss (%) = [(Mi – Mf) / Mi] x 100                                           (3.2) 
Log reduction = log10 (Mi-Mf)                                                    (3.3) 
Where Mi and Mf are the initial and final E. coli viable counts, respectively. 
The antimicrobial effect of the photocatalyst was calculated by the difference between 
the initial (t0) and final (tf) number of viable cells with the equation 5. The reduction 
rate (inactivation) of viable cells in the final contact time between the suspension and 
the photocatalyst was calculated according to the equation 7 and 8, respectively.  
N° CFU = (n° CFU x D + CFU duplicate x D) / 2                                 (3.4) 
Where D its the dilution factor. 
% reduction = [(CFU / mL initial – CFU / mL final) / (CFU / mL initial )] *100                (3.5) 
3.3.5 Pure TiO2  
Pure TiO2, equivalent to maximum efficiency assay was performed in the absence of any 
coated mesh on the glass tray. The amount of the photocatalyst (appendix 3), equivalent 
to the weight contained in every coated mesh, was spread uniformly along the glass tray 
surface. The remaining experimental conditions were equivalent to the other assays. 
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3.3.6  Controls 
Controls assays in the dark and under UV-A irradiation were performed to assess the 
influence of the experimental conditions and of the irradiation on cell inactivation, 
respectively. All the assays were performed in duplicate, inside a clean chamber. 
3.3.7  Statistical analyses 
One-way ANOVA´s tests (R by R Foundation, V. 2.14.1) and Student´s t-test (MS Excel® 
2010) were used to assess statistically significant differences (p < 0.05) among the 
percentage of photoinactivation of the assays performed.  
The statistical analysis made in the present study is detail shown in appendix 8. 
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4- Results and Discussion  
4.1 Continuous photocatalytic system 
The first part of the experimental work aimed at designing the photocatalytic system. 
Thus, the system was assembled and technical inconveniences were solved.  
Firstly, the mesh was installed in a glass tray. After, it was chosen a glass tray because 
the walls hampered water leakage and, thus, it was possible to get a water layer over 
the mesh, guaranteeing the highest possibility contact between the TiO2 and the 
bacteria over the assays. Secondly, a feed system with silicone was designed, but the 
holes were not uniform implicating a bad flow out. Then, it was decided to make 
another feed system using stainless steel with six uniform holes to facilitate the 
distribution of the fluid.  
Thirdly, a plastic support that would hold the glass tray and the feed system 
simultaneously was designed, with a similar altitude of the glass flask. The assembly of 
the feed system and glass tray became easier to arrange and, consequently, the 
photoinactivation assay became faster. 
The first mesh material tested was sacking. After painted, the sacking did not stay 
stretched, but constricted. Being constricted made it impossible to maintain the sacking 
in an adequate position on the glass tray, turning infeasible to run adequately the 
photoinactivation assay. Being constricted painted sacking influenced the flow pattern, 
since preferential paths occurred when the fluid was passing through it. For these 
reasons the sacking was discarded. 
This study aimed at designing a new water disinfection method. Thus, the influence of 
experimental parameters (contact area, surface area, flow rate, amount of 
photocatalyst and irradiation time), on the photoinactivation activity of the system 
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4.2 Viability loss and log reduction of various 
configurations of the continuous photocatalytic system  
In this section it is presented the results of inactivation of E. coli DSM 1103 obtained in 
controls and assays.  
4.2.1 Results of dark controls 
The viability loss in dark obtained for the pure TiO2, was approximately 4 % (Table 1). 
These results indicate that neither the photocatalyst nor the experimental configuration 
had prejudicial effects on the microorganism, confirming previous studies [24, 54-56]. 
This finding proves the ability of the E.coli DSM 1103 to survive on recirculating aqueous 
suspension during the assay period (40 min).  
4.2.2 Results of UV-A irradiation controls 
The maximum contribution of UV control was found for the 80 min irradiation time, 
about 35 % (Table 2). Such a result was expected because there is a directly relationship 
between the irradiation time and the mutagenic effect of UV-A [57].  
The pure TiO2 assays were performed by spreading the catalyst uniformly upon the glass 
tray. Consequently, the absence of a mesh permitted the unimpeded irradiation of the 
tray and, most likely, the increased production of free radicals. Due to these conditions 
the assay resulted in a viability loss of 29 % (Table 1), the second highest value observed 
in this study. 
For the assays containing the coated mesh on the surface of the glass tray, as it is 
showed on tables 1 and 2, the values of UV-A irradiation were significantly lower, 
ranging between 8 % to 18 % (p < 0.05). These lower values may be due to a decrease of 
UV irradiation impact upon the layer of water passing below the coated mesh, i.e., due 
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Table 1. E. coli viability loss (%) after 40 min of UV-A irradiation at 10 W·m-2 and in 
dark conditions in continuous photocatalytic system at a flow rate of 2 mL·s-1. 
 % viability loss 
Material TiO2 (P25) 
photocatalysis 
UV light only TiO2 (P25) in dark 
conditions 
Pure TiO2 99.8 ± 0.1 c, C 29.1* ± 2.0 B 3.9 ± 4.8 A 
1 - Stainless steel 2 x 2 mm2 54.1 ± 4.1 b, B 8.1 ± 4.0 A 0.0 ± 0.0 A 
2 - Stainless steel 2 x 2 mm2 53.2 ± 4.0 b, B 8.1 ± 4.0 A 0.0 ± 0.0 A 
Stainless steel 3 x 3 mm2 39.4 ± 3.3 a, C 18.1 ± 11.0 B 0.0 ± 0.0 A 
Plastic 2 x 2 mm2 38.4 ± 0.3 a --- --- 
Values are means ± standard deviation (n=3). Within a column, lower-case letters indicated 
significant differences as determined by the Tukey test at p < 0.05. Within a row, significant 
differences between TiO2 (P25) photocatalysis, UV light only and TiO2 (P25) in dark conditions 
assays on the basis of the two-sample t-test at p < 0.05 are indicated by upper-case letter. Two 
viability loss assays were performed for the stainless steel (2 x 2 mm2) material, with two months 
difference, the reproducibility is demonstrated that are not statistically different, as shown in 
table 1. * Assay without any mesh on the glass tray and any TiO2. 
4.2.3 Effect of materials 
Viability losses of 54.1 % and 38.4 % were obtained for meshes with the same porosity (2 
x 2 mm2) of stainless steel and plastic, respectively. These values were very low when 
compared with the pure TiO2 control  (99.8 %). Such a difference indicates that painted 
mesh material should be further optimized. 
4.2.4 Effect of porous size 
Comparing the same support material with different porous size (stainless steel; 2 x 2 
mm2 and 3 x 3 mm2), higher viability loss values were obtained for the lower porous size 
mesh support. This finding is reasonable as long as the smaller porous size means larger 
surface area and consequently higher photoinactivation activity.  
In order to facilitate the comprehension of this scientific principle is illustrated (Fig. 11) 
the relationship of the pore size and the surface area. This system refers to a surface 
Feasibility of using a TiO2 containing paint coat to inactivate microorganisms in an aqueous system 
24 
 
process [26], so, it is possible to confirm that a smaller porous size implies a larger 
surface area involving a larger amount of TiO2 available that determines the formation 
of superoxide and hydroxyl radicals necessary for inactivate the bacteria. 
                          
  Figure 12. Schematic representation of the particle-porous size and surface area [16]. 
For the same porosity (2 x 2 mm2), viability losses of 54.4 % and 38.4 % were obtained 
for meshes of stainless steel and plastic, respectively. The plastic mesh presented a 
thinner wire, reflecting in the amount of photocatalyst and the available surface area. 
The plastic was discarded; the next assays were performed with stainless steel. 
4.2.5 Effect of irradiation time 
The viability loss of stainless steel 2 x 2 mm2 at two different irradiation times, 40 and 
80 min, were 54.1 % and 89.4 % (Table 1 and 2), respectively, demonstrating that, as 
expected,  viability loss was positively correlated with irradiation time. Considering 
energy consumption expenses, irradiation for 40 min would be advantageous. However, 
at these conditions, only half of the initial cell density is inactivated. 
4.2.6 Effect of flow rate 
The efficiency of photoinactivation process may be influenced by three related aspects: 
short lifetime of ROS, their unknown diffusion mechanism and kinetics and the time of 
effective contact between the cells and ROS. The free radicals diffusion determines 
their availability to react with the bacteria. Meanwhile, the flow rate determines the 
amount and frequency of contact between the bacteria and the reactant. 
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In this thesis it was observed a viability loss of 54.1 % for the 2 mL·s-1 assay (96 cycles, 
40 min irradiation [Fig. 13]). While both the assays carried out with 1 mL·s-1 and 4 mL·s-
1 presented lower values. The result for the low flow rate can be explained by a reduced 
number of impacts between the biomass and catalyst. And at the higher flow rate the 
period of contact between these two may be insufficient to cause the disruption of the 
cells. 
Table 2. E. coli viability loss (%)  after 40 min of UV-A irradiation at 10 W·m-2 and in dark 
conditions in continuous photocatalytic system at a flow rate of 1, 2 and 4 mL·s-1, 
employing the stainless steel of 2 x 2 mm2. For 80 min of UV-A irradiation assay was used 
a flow rate of 2 mL·s-1. 





UV light only TiO2 (P25) in dark 
conditions 
1 mL·s-1 13.9 ± 5.1 a --- --- 
2 mL·s-1 54.1 ± 4.1 c, B 8.1 ± 4.0 A 0.0 ± 0.0 A 
4 mL·s-1 40.9 ± 2.4 b, A 13.4 ± 1.9 B 0.0 ± 0.0 C 
80 min 89.4 ± 1.2 C  34.7 ± 2.2 B 0.0 ± 0.0 A 
Values are means ± standard deviation (n=3). Within a column, lower-case letters indicated 
significant differences as determined by the Tukey test at p < 0.05. Significant differences 
between TiO2 (P25) photocatalysis, UV light only and TiO2 (P25) in dark conditions assays on the 
basis of the two-sample t-test at p < 0.05 are indicated by upper-case letter. 
These results suggest that the optimal flow rate is near 2 mL·s-1, and that both higher 
and lower rates are unfavorable for the photoinactivation process in this system. Beyond 
the biochemical explanation for this phenomena, hydrodynamics problems should also be 
taken into account, since fluids dynamics are likely to change according to the velocity 
of its circulation. 




Figure 13. E. coli viability loss (%) in function of the number of cycles by the 
contaminated water along the photocatalytic system showing influence of the flow rate 
on viability loss. The calculations of number of cycles for 1, 2 and 4 mL·s-1 are shown in 
appendix 5. 
4.2.7 Final assessment of results 
 
Figure 14. Photoinactivation ratio of E.coli DSM 1103 strain in different materials, flow rates 
and assays times with TiO2 (P25, 9 wt.%) under ultra violet light (10 W•m
-2). Results are mean 
values (n = 3) and the error bars represent the standard deviation. Significantly different values 
of log10 CFU·mL
-1 are indicated by a, b, c, d, de, def, g, eg, and fg as determined by the Tukey 
test at p < 0.05. The numbers represented 1- Pure TiO2, 2- 1. Stainless steel (2 x 2 mm
2), 3- 2. 
Stainless steel (2 x 2 mm2), 4- Stainless steel (3 x 3 mm2), 5- Plastic (2 x 2 mm2), 6 – 4 mL·s-1, 7- 1 
mL·s-1 and 8- 80 min. 
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Log differences for the pure TiO2 and 80 min irradiation time (assay 1 and 8) were 
approximately 1 and 3, respectively (Fig. 14). The first finding confirms the high 
efficiency of TiO2 on photokilling bacteria, as other studies had achieved [24, 44]. The 
second discovery suggests that this configuration has potential to disinfect water.  
The remaining results, from 2 to 7 assay`s number, showed small significant difference 
(p < 0.05) between the initial and final time, approximately 1 log difference or even 
less, showing that the amount of cell death is no significant with the material, flow rate 
and assay time employed. 
Feasibility of using a TiO2 containing paint coat to inactivate microorganisms in an aqueous system 
28 
 
5- Conclusion, Outlook and Future Scopes 
5.1 Achieved goals 
The photocatalytic system developed in this study permitted to inactivate the test 
organism (E. coli DSM 1103). 
The highest viability losses obtained were: 
1- 99.8 % Pure TiO2, 40 min and 2 mL·s
-1. 
2- 89.4 % 80 min assay time, 2 mL·s-1, stainless steel 2 x 2 mm2. 
3- 54.1 % stainless steel 2 x 2 mm2, 40 min and 2 mL·s-1. 
5.2 Limitations and future scopes  
To this day, few related studies are available on the development of a closed aqueous 
photocatalytic system for the inactivation of microorganisms. For this reason, it was not 
possible to compare the results with other similar studies. Moreover, the experimental 
photocatalytic design could not be based on other studies and had to be made from 
scrath.  
Regarding the future work, the following tasks are proposed: 
Design of a new stainless steel photocatalytic system, integrating both the feed system 
and tray, enabling the sterilization of the entire structure and reducing the risk of 
external contamination. 
Evaluate a new mesh material, extremely porous and with higher surface area. 
Evaluate a new waterproof paint in order to prolong its durability in an aqueous system. 
Determine the optimal flow rate in order to diminish the hydrodynamics problems. It is 
estimated to be near 2 mL·s-1. 
Determine a cost-efficient irradiation time. 
Evaluate another type of contaminant (bacteria), such as a Gram-positive strain. 
Measure the production of OH· and O2·
-, to investigate the kinetics of the process and 
determine the efficiency of production of these free radicals. 
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Evaluate the morphological state of the coated mesh with scanning electron microscopy 
(SEM) or transmission electron microscopy (TEM), to determine the deterioration of the 
layer of paint caused by the photoinactivation assay. The properties of the immobilized 
TiO2 could be altered if deterioration is observed. 
Employ a different technique to paint the mesh, where the amount of photocatalyst can 
be controlled. 
Calculate the ratio of number of bacteria and surface area necessary to achieve optimal 
efficiency; this may determine the other experimental parameters. 
Propose a mathematical model to apply process dynamic and control to the system and 
find the optimal experimental conditions through simulation. 
5.3 Final assessment 
The purpose of this work is to serve as a starting point for the development of a larger 
scale system for pool’s application. 
The 3D configuration of the TiO2/UV system applied in this thesis presented promising 
results for the inactivation of microrganisms.  
The effect of the surface area is important because of the amount of TiO2 available 
determines the formation of hydroxyl and superoxide radicals needed for inactivating 
bacteria. 
The mesh support material is an important parameter as well; its available surface area 
and porosity determine the contribution to the photoinactivation activity. 
The flow rate determines the shape and velocity of the water monolayer hydrodynamics. 
There is no linear relationship between the flow rate and the photoinactivation activity 
of the system. 
The best cost-benefit ratio of photoactivity efficiency was achieved with a 40 min assay 
time. 
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Appendix 1 – Design of feed system in solid 
works 
Feed system solid works® design, create it in order to be manufacturate produced. 
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Appendix 2 – Composition of PCA 
The Plate Count Agar (PCA) was made by Liofilchem® in Italy, and its composition is 
shown:  
Component Quantity 
Triptone 5,0 g/L 
Glicose 1,0 g/L 
Yeast extract 2,5 g/L 
Agar 15,0 g/L 
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Appendix 3 – Calculations to determined the 
quantity of TiO2 contained in the coated 
mesh and the conversion to percentage 
weight/volume 
Calculations to determine the real quantity of TiO2 contained in the coated mesh, to 
carry out the maximum effiency photocatalytic system assay. 
Table 3. Determining the weight of the mesh (2 x 2 mm2) with and without 
photocatalytic paint. 
Mesh with photocatalytic paint (g, ±0.001) Mesh without photocatalytic paint (g, ±0.001) 
1.030 0.900 
The difference between the mesh painted and without paint coating gives the weight of 
the vinyl matt paint coating used. 
1.030 – 0.900 = 0.130 g of paint coating 
The TiO2 contained in the formulation of vinyl matt was 9 wt.%. For instance, 
multiplying the weight of the paint coat obtained previously by 0.09 (representing the 
9.0 % mentioned), its possible to obtained the quantity of TiO2 immobilized.  
0.130 * 0.09 = 0.012 g equivalent to 12 mg 
In this matter, this quantity of TiO2 was weight, then spreaded it in the most 
homogenized way along the surface area of the support mesh to be available to the 
ultraviolet lighting during the test and it was obtained 99.8 % of photoinactivation as it 
showed in the 4.2 photoinactivation procedure.  
This photocatalys quantity expressed in percentage of weight/volume proceeds: 
12 mg / 100 mL = 0.12 % w/v 
Where 100 mL is the volume used for each photoinactivation assay.  
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Appendix 4 – Calculations to demonstrate the 
equivalence of the paint weight statistically 
Validating two paint weight values statistically.  
Table 4. Determining the weight of the mesh one (2 x 2 mm2) with and without 
photocatalytic paint selected along the dissertation. 
Mesh with photocatalytic paint (g, 
±0.001) 
Mesh without photocatalytic 
paint (g, ±0.001) 
Photocatalytic paint (g, ±0.001) 
10.719 11.084 0.365 
10.719 11.083 0.364 
10.720 11.082 0.362 
 
Table 5. Determining the weight of the mesh two (2 x 2 mm2) with and without 
photocatalytic paint selected along the dissertation. 
Mesh with photocatalytic paint (g, 
±0.001) 
Mesh without photocatalytic paint 
(g, ±0.001) 
Photocatalytic paint (g, ±0.001) 
10.755 11.121 0.366 
10.756 11.120 0.364 
10.755 11.120 0.365 
Resulst of t-test showed that the p value > α (level of significance), demonstrating that 
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Appendix 5 – Calculations to determine the 
quantity of cycles of the water using 
different flow rates, 1, 2 and 4 mL·s-1. 
Cycle equation: 
 
Where Q is the flow rate (mL·s-1), V is the volume (mL), t is the irradiation time (min). 
Calculations to determine the quantity of cycles of the liquid on the close and 
recirculated photocatalytic system when a photoinactivation assay is carry out using a 
flow rate of 2 mL·s-1, 100 mL of cell suspension for 40 min. 
 
For the case where the flow rate is double inferior, the quantity of turns is double 
inferior as well, as shown in next: 
 
For the case where the flow rate is double higher, the quantity of turns is double higher 
as well, as shown in next: 
 
For the case where the assay time is double, the quantity of turns is double higher as 
well, as shown in next: 
 
 




Appendix 6 – Calculations to determine the 
residence time of the contaminated water 
using 1 mL·s-1, 2 mL·s-1 and 4 mL·s-1 of 
flow rate.  
Residence time equation: 
 
Tau (τ) is the residence time (s-1), Q is the flow rate (mL·s-1), V is the volume (mL). 
Applying the equation of residence time to the configuration of 1 mL·s-1 flow rate, as 
shown in:  
  
Applying the equation residence of time to the configuration of 2 mL·s-1 flow rate, as 
shown in:  
 
Applying the equation residence of time to the configuration of 4 mL·s-1 flow rate, as 
shown in:  
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Appendix 7 – Calculations to estimate the 
effective area of the stainless steel mesh of 
2 x 2 mm2  and 3 x 3 mm2 
A estimative mathematical method to obtained the effective area of the mesh is 
proposed by the author of this thesis. 
Defining 4 types of areas: total (AT), effective (Aef), empty (Ae) and hole (Ah). 
The total area reach the complete area taking the mesh dimensions (6 cm width x 16 cm 
length), applying for both cases. 
The total area is calculated as shown in equation: 
AT = w * l 
Where w is width and l is length 
AT = 16 * 6 cm = 96 cm
2 
For the 2 x 2 mm2 and 3 x 3 mm2 stainless steel meshes the definition for Aef, Ae and Ah 
are different.  
Firstly, calculate the hole area, as shown in equation: 
Ah = s * s 
Where s is the side 
Ah = 0.2 * 0.2 = 0.04 cm
2 
Secondly, calculate the number of holes existing in the 2 x 2 mm2 approximately 1364.  
Thirdly, calculate the empty area, as shown in equation: 
Ae = holes number * Ah 
Ae = 1364 * 0.04 cm
2 = 54.56 cm2 
Finally, calculate the effective-available area of the mesh, as shown in equation: 
Aef = AT - Ae 
Aef = (96 – 54.56) cm
2 = 41.44 cm2 
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For the 3 x 3 mm2  mesh had followed the same equation presented above. With the 
exception of some values are different. The number of holes were approximately 864. 
For instance, calculating the hole area, empty area and effective-available area of the 
mesh as shown in next equations: 
Ah =  0.3 * 0.3 = 0.09 cm
2 
Ae = 864 * 0.09 = 77.76 cm
2 
Aef = (96.00 -77.76)  cm
2 = 18.24 cm2 
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Appendix 8 – Statistical analysis 
a) Statistical analysis for different materials applying the One-way ANOVA by the Tukey 
at p < 0.05, using the R™ statistical computing and graphics software develope by Bell 
Laboratories. 
Material % Viability loss 
 
 
Plastic (2x2 mm2) 38.16568047 a 
 
Plastic (2x2 mm2) 38.73015873 a 
 
Plastic (2x2 mm2) 38.41059603 a 
 
Stainless steel (2x2 mm2) 51.31578947 b 
 
Stainless steel (2x2 mm2) 58.808933 b 
 
Stainless steel (2x2 mm2) 52.30263158 b 
 
Stainless steel (3x3 mm2) 41.6988417 a 
 
Stainless steel (3x3 mm2) 32.25806452 a 
 
Stainless steel (3x3 mm2) 37.09677419 a 
 
Pure TiO2 99.84100418 c  
Pure TiO2 99.83448276 c  
Pure TiO2 99.73863636 c  
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b) Statistical analysis for two changeable flow rates applying the One-way ANOVA by the 
Tukey at p < 0.05, using the R™ statistical computing and graphics software develope by 
Bell Laboratories. 
Flow rate Means  
 
40 min, 4 mL·s-1 43.4131737 b 
 
40 min, 4mL/s 40.7692308 b 
 
40 min, 4mL/s 38.5665529 b 
 
40 min, 2mL/s 51.3157895 c 
 
40 min, 2mL/s 58.808933 c 
 
40 min, 2mL/s 52.3026316 c 
 
40 min, 1mL/s 19.7969543 a 
 
40 min, 1mL/s 10.7954545 a 
 
40 min, 1mL/s 11.1111111 a 
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c) Statistical analysis for the variables: materials, flow rate, irradiation time and 
reproducibility, presented in the log10 CFU mL
-1 graphic. Applying the One-way ANOVA by 
the Tukey at p < 0.05, using the R™ statistical computing and graphics software develope 
by Bell Laboratories. 
Variable Mean Log UFC/ml 
Pure TiO2 - i 6.07736791 fg 
Pure TiO2 - i 6.161368 fg 
Pure TiO2 - i 6.12057393 fg 
Pure TiO2 - f 3.2787536 a 
Pure TiO2 - f 3.38021124 a 
Pure TiO2 - f 3.5378191 a 
1.Stainless steel  (2x2 mm2) -i 6.18184359 g 
1.Stainless steel (2x2 mm2) -i 6.30427505 g 
1.Stainless steel (2x2 mm2) -i 6.18184359 g 
1.Stainless steel (2x2 mm2) -f 5.86923172 d 
1.Stainless steel (2x2 mm2) -f 5.91907809 d 
1.Stainless steel (2x2 mm2) -f 5.86033801 d 
2.Stainless steel (2x2 mm2) -i 6.07918125 def 
2.Stainless steel (2x2 mm2) -i 5.8893017 def 
2.Stainless steel (2x2 mm2) -i 5.96614173 def 
2.Stainless steel (2x2 mm2) -f 5.70757018 c 
2.Stainless steel (2x2 mm2) -f 5.59106461 c 
2.Stainless steel (2x2 mm2) -f 5.64345268 c 
Stainless steel (3x3 mm2) -i 6.11226977 eg 
Stainless steel (3x3 mm2) -i 6.09342169 eg 
Stainless steel (3x3 mm2) -i 6.09342169 eg 
Stainless steel (3x3 mm2) -f 5.87794695 d 
Stainless steel (3x3 mm2) -f 5.92427929 d 
Stainless steel (3x3 mm2) -f 5.8920946 d 
Plastic (2x2 mm2) -i 6.2278867 g 
Plastic (2x2 mm2) -i 6.19728056 g 
Plastic (2x2 mm2) -i 6.17897695 g 
Plastic (2x2 mm2) -f 6.01911629 def 
Plastic (2x2 mm2) -f 5.98452731 def 
Plastic (2x2 mm2) -f 5.96848295 def 
40 min, 4 mL·s-1-i 6.22271647 g 
40 min, 4 mL·s-1 -i 6.11394335 g 
40 min, 4 mL·s-1 -i 6.16583762 g 
40 min, 4 mL·s-1 -f 5.97543181 de 
40 min, 4 mL·s-1 -f 5.88649073 de 
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40 min, 4 mL·s-1 -f 5.95424251 de 
40 min, 1 mL·s-1 -i 5.99343623 de 
40 min, 1 mL·s-1 -i 5.94448267 de 
40 min, 1 mL·s-1 -i 5.90848502 de 
40 min, 1 mL·s-1 -f 5.89762709 d 
40 min, 1 mL·s-1 -f 5.89486966 d 
40 min, 1 mL·s-1 -f 5.8573325 d 
80 min, 2 mL·s-1 -i 5.88081359 de 
80 min, 2 mL·s-1 -i 5.99343623 de 
80 min, 2 mL·s-1 -i 5.95424251 de 
80 min, 2 mL·s-1 -f 4.95182304 b 
80 min, 2 mL·s-1 -f 4.96614173 b 
80 min, 2 mL·s-1 -f 4.98227123 b 
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d) Statistical analysis for pure TiO2 photocatalysis, UV-A and dark control applying the 
One-way ANOVA by the Tukey at p < 0.05, using the R™ statistical computing and 




 Pure TiO2 99.738636 C 
Pure TiO2 99.834483 C 
Pure TiO2 99.841004 C 
UV light only % viability loss 30.718954 B 
UV light only % viability loss 26.804124 B 
UV light only % viability loss 29.714286 B 
TiO2 (P25) in dark conditions 5.3278689 A 
TiO2 (P25) in dark conditions 7.860262 A 
TiO2 (P25) in dark conditions -1.515152 A 
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e) Statistical analysis for first Stainless steel (2 x 2 mm2) photocatalysis, UV-A and dark 
controls applying the One-way ANOVA by the Tukey at p < 0.05, using the R™ statistical 




 Stainless steel (2x2 mm2) 51.31578947 B 
Stainless steel (2x2 mm2) 58.808933 B 
Stainless steel (2x2 mm2) 52.30263158 B 
UV light only % viability loss 7.142857143 A 
UV light only % viability loss 4.736842105 A 
UV light only % viability loss 12.54752852 A 
TiO2 (P25) in dark conditions 0 A 
TiO2 (P25) in dark conditions 0 A 
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f) Statistical analysis for second Stainless steel (2 x 2 mm2) photocatalysis, UV-A and 
dark controls applying the One-way ANOVA by the Tukey at p < 0.05, using the R™ 




 1.Stainless steel (2x2 mm2) 51.31578947 B 
1.Stainless steel (2x2 mm2) 58.808933 B 
1.Stainless steel (2x2 mm2) 52.30263158 B 
UV light only % viability loss 7.142857143 A 
UV light only % viability loss 4.736842105 A 
UV light only % viability loss 12.54752852 A 
TiO2 (P25) in dark conditions 0 A 
TiO2 (P25) in dark conditions 0 A 
TiO2 (P25) in dark conditions 0 A 
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g) Statistical analysis for Stainless steel (3 x 3 mm2) photocatalysis, UV-A and dark 
controls applying the One-way ANOVA by the Tukey at p < 0.05, using the R™ statistical 




 Stainless steel (3x3 mm2) 41.698842 A 
Stainless steel (3x3 mm2) 32.258065 A 
Stainless steel (3x3 mm2) 37.096774 A 
UV light only % viability loss 30.19943 B 
UV light only % viability loss 13.253012 B 
UV light only % viability loss 10.738255 B 
TiO2 (P25) in dark conditions 0 C 
TiO2 (P25) in dark conditions 0 C 
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h) Statistical analysis for flow rate of 4 mL•s-1 photocatalysis, UV-A and dark controls 
applying the One-way ANOVA by the Tukey at p < 0.05, using the R™ statistical 




 40 min, 4 mL•s-1 43.41317365 A 
40 min, 4 mL•s-1 40.76923077 A 
40 min, 4 mL•s-1 38.5665529 A 
UV light only % viability loss 30.1994302 B 
UV light only % viability loss 13.25301205 B 
UV light only % viability loss 10.73825503 B 
TiO2 (P25) in dark conditions 0 C 
TiO2 (P25) in dark conditions 0 C 
TiO2 (P25) in dark conditions 0 C 
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i) Statistical analysis for irradiation time of 80 min photocatalysis, UV-A and dark 
controls applying the One-way ANOVA by the Tukey at p < 0.05, using the R™ statistical 




80 min, 2 mL•s-1 88.22368421 C 
80 min, 2 mL•s-1 90.60913706 C 
80 min, 2 mL•s-1 89.33333333 B 
UV light only % viability loss 33.17307692 B 
UV light only % viability loss 36.31578947 B 
TiO2 (P25) in dark conditions 0 A 
TiO2 (P25) in dark conditions 0 A 
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j) Statistical analysis for different flow rates applying the two sample t-test at p < 0.05 
using the Excel™ data statistical analysis. 
Assay time % Viability loss 
 40 min, 2 mL•s-1 51.31578947 A 
40 min, 2 mL•s-1 58.808933 A 
40 min, 2 mL•s-1 52.30263158 A 
80 min, 2 mL•s-1 88.22368421 B 
80 min, 2 mL•s-1 90.60913706 B 
80 min, 2 mL•s-1 89.33333333 B 
 




Variable 1 Variable 2 
Mean 54.142451 89.388718 
Variance 16.575503 1.4248969 
Observations 3 3 
Pooled Variance 9.0001998 
 Hypothesized Mean Difference 0 
 Df 4 
 t Stat -14.38907 
 P(T<=t) one-tail 6.779E-05 
 t Critical one-tail 2.1318468 
 P(T<=t) two-tail 0.0001356 




The values are significantly different 
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k) Statistical analysis for different flow rates applying the two sample t-test at p < 0.05 
using the Excel™ data statistical analysis. 
Flow rate % Viability loss 
 40 min, 4 mL•s-1 43.41317365 b 
40 min, 4 mL•s-1 40.76923077 b 
40 min, 4 mL•s-1 38.5665529 b 
40 min, 2 mL•s-1 51.31578947 c 
40 min, 2 mL•s-1 58.808933 c 
40 min, 2 mL•s-1 52.30263158 c 
40 min, 1 mL•s-1 19.79695431 a 
40 min, 1 mL•s-1 10.79545455 a 




t-Test: Two-Sample Assuming Equal Variances 
 
       Variable 1 Variable 2 
  Mean 54.1424514 89.3887182 
  Variance 16.5755026 1.42489693 
  Observations 3 3 
  Pooled Variance 9.00019976 
   Hypothesized Mean 
Difference 0 
   Df 4 




   P(T<=t) one-tail 6.7785E-05 
   t Critical one-tail 2.13184679 
   P(T<=t) two-tail 0.00013557 
   t Critical two-tail 2.77644511   
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l) Statistical analysis for evaluate the reproducibility of two repeat assays applying the 
two sample t-test at p < 0.05 using the Excel™ data statistical analysis. 
Reproducibility % Viability loss 
 40 min, 2 mL•s-1 51.315789 A 
40 min, 2 mL•s-1 58.808933 A 
40 min, 2 mL•s-1 52.302632 A 
40 min, 2 mL•s-1 57.5 A 
40 min, 2 mL•s-1 49.677419 A 
40 min, 2 mL•s-1 52.432432 A 
 
t-Test: Two-Sample Assuming Equal Variances 
     Variable 1 Variable 2 
Mean 54.1424514 53.2032839 
Variance 16.5755026 15.743851 
Observations 3 3 
Pooled Variance 16.1596768 
 Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 0.28613588 
 P(T<=t) one-tail 0.39449079 
 t Critical one-tail 2.13184679 
 P(T<=t) two-tail 0.78898158 
 t Critical two-tail 2.77644511   
   The values are not significantly different 
 
